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ABSTRACT 


Coupled heat-fluid transport processes in porous earth 

, materials that are subject to freezing and thawing are highly complex 
and at present imperfectly understood. As a consequence in most engineer- 
ing and hydrologic studies permafrost is regarded as an impermeable 
barrier to all water movement. In this paper the theoretical and 
experimental evidence suggesting the mobisity of water in frozen earth 
materials and the various heat and mass transport mechanisms operative 
above, within, and below the permafrost zone are examined from a hydro- 
dynamic point of view. The effects of seasonal and long-term tempera- 
ture changes on the surface and basal configurations of the permafrost 
layer and on the groundwater flow regime are also discussed. In particular, 
the effects of convective heat transport associated with groundwater flow 
and water migration within the permafrost zone itself are examined. 


RESUME, 

Les processus de transport junelé de chaleur et de liquides 
dans les matiéres poreuses de la terre, lesquelles sont soumises a 
la congélation et au dégel, sont trés complexes et mal compris 
a l'heure actuelle. Par conséquent, dans la plupart des études 
techniques et hydrologiques, on considére Je pergélisol comme un 
obstacle imperméable 4 tout mouvement de iéeau. Dans le présent 
document, les preuves théoriques et expérimentales concernant la 
mobilité de l'eau dans les matériaux gelés de la terre et les 
divers mécanismes de transport de la chaleur et de masses, qui se 
produisent au-dessus, 4 l'intérieur et au-dessous de la zone du 
pergélisol, sont étudiés du point de vue hydrogynamique. On traite 
également des effets des changements de température saisonniers et a 
long terme sur les configurations superficielles et basales de la 
couche de pergélisol ainsi que sur le régime d'écoulement des eaux 
souterraines. On étudie particulié rement les effets des transports 
de chaleur de convection 1i8 sa 1'écoulement des eaux souterraines 
et au mouvement de l'eau a l'intérieur méme de la zone du pergélisol. 
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INTRODUCTION 


In this paper, it is my purpose to review the more recent work on 
the physics and thermodynamics of soil-water-ice systems and to comment on the 
possible mechanisms for heat and fluid transport in frozen earth materials in 
general, and permafrost, in particular. Within this perspective, two points 
are worth emphasizing here. First of all, permafrost is defined solely on the 
basis of temperature and without reference to ice or water contents, lithology 
or soil texture. Its presence, therefore, represents only a condition in 
which ground temperatures exist at below 0°C over a period of years. Although 
it is generally recognized that in most field situations the subsurface move- 
ment of water between materials lying above and those below the permafrost 
zone is accomplished mainly through unfrozen zones or taliks that perforate 


the frozen layer, water movement within and across the permafrost zone itself 
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cannot be excluded a priori. 


Secondly, not withstanding the significant progress that has been 
made on the understanding of the soil freezing process and the associated 
engineering problems, there is an almost complete lack of experimental and 
observational data on the nature of water movement and ice segregation in 
Guantitative information on the thermal] 
and hydraulic properties of permafrost and its areal and depthwise distribution 
has precluded a full appreciation of the hydrologic significance of permafrost 
and an accurate assessment of the groundwater component in basins underlain 


by permafrost. 


THERMODYNAMIC RELATIONSHIPS 


Woter-ice phase equilibria. 

Observations of the behavior of soil-water and clay-water systems 
have shown liquid water to exist as films adsorbed on the surfaces of soil 
particles and in clay platelets in equilibrium with ice at temperatures below 
0°c -- the normal freezing point of water (e.g. see Bouyoucos, 1916; Schofield, 
£935; Nersesova and Tsytovich, 1966; Williams, 1968). Although it has been a 
Peiori assumed that the untrozen water in frozen soil “exists partly at the 
interface between the mineral grains and ice crystals and partly in crevices 
and capillaries where the radius of curvature is sufficiently small to prevent 
ice propagation, direct evidence as to the disposition of unfrozen water is 


scarce (Anderson, 1967). 


Anderson and Hoekstra (1965a) have shown by X-ray diffraction that 
most of the unfrozen water content in bentonite-water pastes is located imme- 
diately adjacent to the interlamellar clay surfaces. The thickness of these 


adsorbed films has been shown to depend mainly upon temperature (Anderson and 
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Hoekstra, 1965b) and except for very dry conditions to be independent of total 
wacer Content, that is liquid water plus ice (Low et al., 1968a; Williams, 
1968). Depending upon initial water content, the individual clay platelets 

are separated by a number of water layers. On freezing, water migrates to the 
pore spaces and the distance between clay plates is decreased. Similar changes 
in the interlamellar spacings in clay-water gels before and after freezing have 


been reported also by Ahlrichs and White (1962) and Norrishand Rausell-Colom 


(1962). 


In general, as the temperature is lowered from 0 to -10°C, the un- 
frozen films between clay platelets decrease in thickness to one or two molec- 
ular layers of Water at about -10°C (Anderson, 1967). Below -10°C, che. thick 
ness of the adsorbed films and, therefore, the amount of interfacial water 
tend to remain nearly constant (Hoekstra and Doyle, 1971). According to 
Andersen (1968), the thickness of the interfacial films decreases from 50 A or 
more at 0°C to about 9A at ~-5°C; below -5°C to liquid nitrogen temperatures 


the thickness decreases from about 9 to 3 A. 


Within the interfacial films the degree of order decreases with dis- 
tance from the soil particle surfaces. According to Anderson and Low (1958), 
the properties of liquid water in the interfacial regions differ from those of 
normal bulk water out to distances of at least 60 A. The vapour pressure, vis- 
cosity, and mobility of adsorbed water are intermediate between those of the 
liguid and solid states (Hoekstra and Doyle, 1971). As evidenced by the heat 
of wetting, water adsorbed on the surfaces of soil particles exists at a lower 
energy state than bulk water. Temperature increases, for example, occur as 


water is adsorbed onto the surfaces of dry soil particles. 


Water in an unsaturated soil, therefore, may be considered as exis- 


ting with a free energy depression, viz. 
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where AG is the free energy depression or soil-water potential, G is the Gibbs 
tree energy of the water in the soil, and G; is the free energy of bulk water 


at a given reference state, i.e. temperature and pressure. 


The potential, G , of water in soil in equilibrium -with water at a 
Cops tank Vapor pressure, p, temperature, T. Goes. and pressure, P, is given by 


the expression 


RT 


Se ws 1G Inep/p® (2) 


where R is tne gas constant expressed per mole of water, M is the molecular 
weight of water in grams, and p® is the vapor pressure of bulk water at T and 
P. Implicit in eq. (2) are the assumptions that water vapor behaves as an ideal 


gas and that the mixture of air and water vapor forms an ideal gas solution. 


Equating eqs. (1) and (2) gives 


- _ RT 
eae Mivin= p/p) (3) 
where AG is the soil-water potential or free energy depression as defined pre- 


viously. 


Provided the water vapor in soil behaves as an ideal gas, the activity, 
a, Of liquid water in soil is equivalent to the relative vapor pressure of water, 
p/p’, in egquilibruim with soil at the temperature and pressure of the system 
(Kijne and Taylor, 1964). Since the activity of water in the unfrozen soil 
solution must equal that of the ice, its value is fixed for each temperature at 
which the two phases are in equilibrium (Anderson, 1967). Consequently, the 
soil-water potential, AG, is fixed by the vapor pressure of ice for each temper- 
ature at which ice and water are in equilibrium (Low et al., 1968a,b). Provided 
the ice crystals are not too small and have properties not unlike those of bulk 


ice at atmospheric pressure, the vapor pressure of ice is independent of the 
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amount of ice in the system, and similarly, the unfrozen water content is inde- 
pendent of total water contents. keported observations to date indicate that 
the ice crystals developed in freezing soil under natural conditions form as 
relatively large crystals or as polycrystalline lenses and, therefore, support 


this assumption. 


The relationship between temperature below 09C, i.e. freezing point 
depression, and soil-water potential as caiculated using eq. (3) is shown in 
Fig. 1. A unique relationship between soil-water potential and unfrozen water 
content dves not exist, however, if the medium exhibits hysteresis in the soil- 
water adsorption and desorption curves or if the concentration of dissolved 
salts varies with time. 

Civaiee @ 


fiepece Ob SOLubeSE 


In addition te adsorptive and capillary forces, dissolved impurities 
in the soil solution also act to depress the freezing point temperature (Ayers 
and Campbell, 1951; Williams, 1968). Although it has not been fully demonstra- 
ted it appears that in terms of phase composition solutes in the soil solution 
create an effect equivalent to a further lowering of the freezing point of soil 
water roughly equal in magnitude to that calculated from their osmotic potential 


(Anderson and Morgenstern, 1973). 


At dissolved salt concentrations normally associated with ground- 
water recharge areas, i.e. 500 to 1000 ppm total dissoived solids, the free- 
zing point depression is generally.small. As ice is formed, however, dissolved 
salts are concentrated by fractionation in the residual unfrozen films and the 
fEvceeving? point’ of thebresidualy laguidvtractionis! further depressed. |In? ai closed 
system this fractionation process can continue to the eutectic point. For a 
NaCl1-H.,0 solution, for example, the eutectic point is approximately -23°C, at 


which point the solution contains about 23% NaCl. The effect of dissolved salts 
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on the freezing point depression is complicated by the presence of other ionic 
species ard byitbeceqree,to whitch .the permafrost system is really closed. Never- 
theless, as permafrost temperatures are generally greater than -10°C, one would 


expect unfrozen water to exist in such a system due to osmotic effects alone. 


BEtect of overburden pressure. 

The effect of temperature and pressure on the unfrozen water content 
Porssoirls at Om below the: treezing point has ,been considered by Low et al. 
(1968b) and a thermodynamic method presented for calculating from the water 
adsorption isotherms the change in unfrozen water content of a frozen soil with 


temperature at a constant pressure or with pressure at a constant temperature. 


If a load is applied to a frozen soil maintained at a constant 
temperature, there is a shift in the propeutions of ice and water. As an example, 
the .effect of an increase in external pressure from one atmosphere to 100 
atmospheres on the unfrozen water contents of Na-Bentonite is shown in Fig. 2. 
Associated with this change in unfrozen water content are changes in the pressure 
of both the ice and water phases. In so far as changes of pressure in the water 
phase occur, hydraulic gradients are likely to be set up between the stressed 


and unstressed areas of the soil initiating a redistribution of ice and water. 
WATER MOVEMENT IN FROZEN GROUND 


Water in soil at moisture contents less than saturation can be visu- 
alized as occupying wedge-shaped volumes interconnected by thin liguid films 
existing in clay platelets and on the soil particle surfaces (Kemper, 1960). 
Liquid transfer between wedge-shaped volumes and through the soil in general, 
therefore, must take place through these films. As the properties of these 
films do not change significantly with temperature above 0°C, liquid transfer 


under a thermal gradient is small under most field and laboratory situations. 
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This has been demonstrated for temperatures above 0°9C by investigations using 
salt tracer techniques (Gurr eujlak. gelLIS2;eKkuzmaktand Seredayrl957)) ower 
temperatures below 0°C, however, Dirksen and Miller (1966) among others have 
shown the processes of water movement in porous materials to be altered con- 


Siderably by the presence of an ice phase. 


Dirksen and Miller (1966) provided experimental evidence that with 
the occurrence of ice the freezing portion of the soil actively extracts water 
from the unfrozen soil by setting up a water potential gradient in the attenu- 
ated interfacial films and showed that the hydraulic flow thus induced provides 


the water required for the growth of ice lenses. They further observed, as did 


Hoekstra (196€), that the total water and ice contents behind the freezing front 
continued to increase with time over an extended region at a rate on the order 
of 1000 times that calculated from vapor diffusion theory. On this evidence 
Dirksen and Miller (1966) concluded that alli of the water entering the frozen 
Soll idid not, freeze at.0°C butvat least part moveduappreciabile: distancessinto 


the frozen soil as a liquid. 


In an experiment designed to confirm the existence of the unfrozen 
interface separating ice from the soil particles, Hoekstra (1969) measured rates 
of mcvement of soil particles embedded in ice in response to small temperature 
gradients. Particle migration toward the warmer regions at rates up to 7 pm/ 
was observed which, according to Anderson and Morgenstern (1973), were explaines 
in terms of continued melting of ice and flow of water from the warm side of 
the particles to the cold side where it refreezes, displacing the particles te 


the warm side. 


With regard to the mobility of the adsorbed films, both permeability 
and diffusion studies indicate that water in the interfacial regions is some- 


what more viscous and has an activation energy for movement slightly higher than 
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water in its bulk state (Anderson, 1967). Low (1961) has pointed out that the 
existance of a threshold hydraulic gradient or activation energy below which 
flow does not occur is impressive evidence that the interfacial water is more 


resistant to deformation than pure water in bulk. 


On a microscopic scale the fact that electrical as well as thermal 
water is accomplished in 
mobility of the interfacial water molecules is high relative to that of ice, 
but that the interfacial liquid films are continuous (Anderson, 1968). The 
physical movement of ions through the frozen soil matrix and the relatively 
high values for diffusion coefficients has been cited as further evidence for the 


CxuGEecnece Of —COnEIMUOUSHGilms Of intestacial water, an whieh the molecules, are 


relatively mobile compared to those of ice (Murrmann, 1973). 


Because of the dependence of the unfrozen water content on temperature 
as the temperature decreases below 0°C, film thickness decreases with temperature. 
Thus the effective hydraulic conductivity should also decrease with temperature 
in much the same manner as the unsaturated hydraulic conductivity decreases with 
increase in soil-water suction. Although the relative thinness of the liquid 
films restricts the quantity of water that can be transported in frozen earth 
materials, ene Migration of water to the cold side and the formation and growth 
of ice lenses can be shown, at least theoretically, to occur down to temperatures 
of about =500C. At this temperature the mobility of intact water molecules 


becomes, for all practical purposes, insignificant. 


In general, therefore, the occurrence of unfrozen water in frozen 
soil and its movement is completely analogous to the occurrence and movement 
of water in unfrozen soil except that movement is confined mainly to the unfrozen 
interfacial films and there is little or no contribution of vapor diffusion due 


to the blockage of interconnecting pores by the formation and growth of ice 
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(Aneexrson and Morgenstern, 1973). While it is anticipated that fluid flow in 
frozen soil obeys Darcy's Law, little supporting evidence from either field or 


laboratory investigation is available. 
DISCUSSION AND CONCLUSIONS 


From the preceding discussion on the behavior of soil-water and clay- 
water systems at temperatures below the freezing point, it follows that from a 
hydrodynamic point of view frozen soil, in general, and permafrost, in particular 
Showlamnot be regarded a priori as impermeable to water. In fact, it has been 


shown experimentally that flow through frozen soil under thermal as well as elec- 


trical and osmotic gradients can be highly significant. 


In this perspective, permafrost should be regarded as representing a 
dynamic system in which both heat and fluid transfer occur in response to inter- 
nal conditions as well as to those conditions at the boundaries. Furthermore, 
due to the strong interdependence between the heat-flow and fluid~-flow fields 
in frozen soil, a change in direction or intensity of one field effects a change 
in the other (Harlan, 1973). For instance, when the temperature regime at the 
ground surface is altered as a result of some engineering operation or change 
in local environmental conditions the ice-water phase relationships and move- 


ment of water at depth are also affected. 


Since at temperatures below 0°C the water potential, and for a given 
soil the unfrozen water content are mainly functions of temperature, a thermal 
gradient in a frozen soil may be considered as acting in an analogous manner as 
a hydraulic gradient in unfrozen soil. As in unsaturated soil, water movement 
in frozen soil occurs mainly through adsorbed films from areas of higher to 


those of lower potential, i.e. from the warm to the cold side. 
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In permafrost, as in non-permafrost areas, the total potential ‘ting 
on both soil and ground waters is mainly the net resultant of the forces a= 
ciated with the water potential, which incorporates the matrix (or submer: ©:ce) 
and osmotic potentials, and the elevational potential. For a condition of ‘.ydro- 
static equilibrium to exist, therefore, any change in elevational potentis'! must 
we offset by an equal but opposite change in water potential. Because of =] 
strict dependence of water potential on temperature for temperatures below “°C, 
the temperature distribution at depth within the permafrost zone can be defined 
in such a way that the total potential is constant. At temperatures close to 
0°, the hydrostatic or no mass flux condition for a horizontal profile is ~ep- 
resented by isothermal conditions. For a vertical profile, the hydrostati: 
condition is represented by a linear temperature gradient of 0.00816°C/m, i.e. 


with temperature increasing with depth. 
depth within the frozen zone varies from 


least a potential for redistribution, of 


The existence in the field of 
transfer is probably only a hypothetical 
effecting mass transport are not equally 


mass transport. 


If the temperature distribution at 


these® Conditions, sredistribution, erat 
ice and water will result. 
a no-flux condition with respect mass 


concept in that the various potentials 


effective in initiating or sustaining 


It should be also pointed out that for a given mean annua 


ground surface temperature and geothermal heat flux there is a unique thers 


conductivity that will allow a condition of steady-state heat flow to exist si- 
multaneously with a condition of no mass flux. Because of seasonal temperature 
variations at the ground surface and at depth, the applicability of the hydro- 
static temperature gradient concept to the analysis of field situations is highly 


complex. 


hydrodynamic behavior of permafrost. 


Nevertheless the concept does provide a basis for discussion of tne 


As an example, reported temperature profiles for the arctic coast of 


Alaska and for the Lower MacKenzie Valley and Delta Regions are shown in Fics. 


Seand) 4. 


For the temperature profiles shown, 


the thermal gradients range 
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OrOUG2co 0. 0375".C/m.an Ore itthe basis), ofthe eae energy CGepression of water in 
equilibrium with ice at the temperature of the system thermal gradients of this 
magnitude represent corresponding total potential gradients of 2:1 to 4.5:1, 
respectively. For these areas, therefore, one would anticipate an upward 


redistribution of ice and water toward the ground surface. 


Because Of the small values of hydraulic conductivity associated 


frozen earth materials, the rate of upward redistribution of ice and water would 
also be small under the temperature gradients shown in Figs. 3 and 4. However, 
in that a cemperature difference of 1°C in frozen ground is equivalent to a dif- 
ference in water potential or free energy depressicn of almost 12 atmospheres, 

it can be anticipated that under certain conditions rates of water movement under 
a thermal gradient can be highly significant. Frost heaving, the growth of ice 
lenses, and the development and growth of pingos are all evidence of the signifi- 


cance of water movement when freezing is involved. 


To indicate the possible order of magnitude of hydraulic conductivi- 
ties in frozen ground, calculated values of hydraulic conductivity for frozen 
Fairbanks silt are shown in Fig. 5 as a function of water potential. These 
conductivities were calculated from the observed rates of flow and thermal 
gradients in frozen Fairbanks silt reported by Hoekstra (1966) on the assumption 
thas ftiuida flow in frozen soil obeys Darcy's Law. Actual values for the hydrau- 
lic conductivity of permafrost are expected to range over several orders of 
magnitude depending not only upon temperature and lithology of the subsurface 
materials but also upon past history as reflected in the presence of ice lenses 
and the concentration of dissolved materials in the unfrozen solution. The main 
pone would like to emphasize here is that the hydraulic conductivity in frozen 


earth materials, although small, is nonzero. 


For a hydraulic conductivity of 1. x 107’ cm/min, the rate upward 
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migration of water under the temperature gradients shown in Figs. 3 and 4 wouid 
range from about 0.05 to 0.11 cm/year whereas for a hydraulic conductivity of 

ihe, OK “rs cm/min, rates of upward redistribution would range from 5. to 1l. cm/yr. 
Although these estimates may be representative of certain conditions, it is re- 
emphasized that there are essentially no field data and only limited laboratory 


measurements of rates of water movement in frozen soil. 


To summarize, the physical and physical-chemical laws governing heat 
and fluid transport in frozen ground are at present imperfectly understood. Our 
knowledge of the transport processes, furthermore, is inadequate to allow a full 
and meaningful evaluation of the role of water movement in areas underlain by 
permafrost. As conciuded by Anderson and Morgenstern (1973), considerable work 
remains to be done before sufficient data will be available to formulate the 
physics and thermodynamics of frozen ground in a complete and self-consistent 
Manner. In my judgement, the greatest need in permafrost hydrology and in perma- 
frost engineering is the continued development of physically-based mathematical 
models describing coupled heat and fluid transport in frozen soil materials in 


parallel with complete and well-designed field observation programs. 


22a hina p 


“un i bot © Slt AL Welle 
J ; wo Dayo 4 
\ f d ¥ pis bil erty 
' 
7 © 3 ree ) fea iteD 
2c Aa Pimrl viag hwe ! 
| fue 
re 1i¢¢avor ewel (eotnstsei 
( Haag | } 
Poitier ot 3% par ms 
“Jj sqichvoehnu ont j iver 
rt 9 feared fiso LD ates 
tt edo lnmzo? no ‘LARA LEV SS 
’ t ¥ Sint! @ er | ° ny 
n~ 4 - ‘a ; : 
Pere FB E-Giece~ beheld Site» daca tqme' 
; ay 
AMIegd Of Ore pol vil 26" 
. a | . . . r 
thetisin Cowad“y¥ ll aaha yitg 


hl 21s itadem (ite: patos? ab goqenias 


vA ss y he 
i 


-EMeTBOIG ooiteaviewde Binet fenpteab-f few \br 


é 


a‘ I - 


a 


nid mJ GU RR ative sgh = 


atu aregeies “ond 


if) 


Yelwi- wi 


, SHOU narag 
er 
‘—— 


CY ie lo aban oyber red” Say Seley 


hid te a avb | @* ent 


yeas <3 Roe, a Ge i) So 


474.2] .o 


: 
teh raoy te {L.0 of &0.0 dye ee rons ay 
ny ea ‘ oe.) ween 
wit(Seshexy vdtwey to astex lige ~ BE Cae 
‘Laged ots ee yor es anites sample gyeveitzany a 
, ca 
ot} an yifeioausre on .. od) 90 Bees : 
ao (1 
4 

7 

Voix ek ‘'+) 1D a2 eeenvane! Ps 

. ¥ 7 

4 
: : 
; - 
107 afl 1 ei 7D ? & is or «* 7 
a 
0 ieysey 2 hiogenwtd Ofeli Gis 4 

érow4 S2aSoo tg sie 7 SF -oolt Vo aob> lwotst 

w to sles aia Yh nviten love “epee Bae 


a 


an 
vita its FID bennett 1 NOsr* at | ae pri eetepae jaox®. ‘en 


i Ca a ‘Ao 


La lenoe Ce beloeei Laem : 
& »39Lqmpe 9 daw isaeq. 
ciate. 


7 


i 


REFERENCES 


Ahirichs, J.L., and J.L. White, 1962. Freezing and lyophilizing alters the 
Stiuerure jotebenton ite, gehksingsSc uenGe,{ 1 36 111165) LLB. 


Angerson, DiMm, 996741 The interface between ace and silicate surfaces. J. 
Golletdmintertac. “SCi., 29°174-191, 3 _ 


Anderson, D.M., 1968. Undercooling, freezing point depression, and ice nucleation 
Ol Soi water, «israel J. Chéem., 02349-3595. 


Anderson, D.M., and P.F. Low, 1958. The density of water adsorbed by lithium-, 
sodium-, and potassium-bentonite. Soil Sci. Soc. Am. Proc., 22:99- 
HFOS ack Ses >. lala Ca 


Anderson, D.M. and Pieter Hoekstra, 1965a. Migration of interlamellar water 
during freezing and thawing of Wyoming Bentonite, Soil Sci. Soc. Am. 
Proc., 297498-504. 


Anderson, D.M. and Pieter Hoekstra, 1965b. Crystallization of clay-adsorbed 
Watemmgesc lence pa bd 9:23,1.8-= 31,9 . 


Anderson, D.M., and N.R. Morgenstern, 1973. Physics, chemistry, and mechanics 
Ofet7ozen fground:s Arreviewin Procsassecond;intern. Permafrost Cont. 


(North American: Contribution), Nat» Acad. Sci., Washington, D.C. pp 


2574288 
Ayers, A.D., and R.B. Campbell, 1951. Freezing point of water in a soil as 
related £orsaltnand dmoisture-,contenteof »sO1k473S0i1] wScis,.72:201-206. 


Bouyoucos, C.J., 1916. The freezing point method as a new means of measuring 
the eéncentrationsefisoil solution rdanectly-in the-satly,.Mich. Agr. 
Stas) eTechooRull. |24:1-44. 


Dirksen, C., and R.D. Miller, 1966. Closed-system freezing of unsaturated soils. 
Soilsse1 9. SocysAmayProc. 7 930:168=k73. 


Gola, awe, and A.H. Lachenbruch, 1973. Thermal conditions in permafrost: A 
review of North American literature. Proc. Second Intern. Permafrost 


Conf. (North American Contribution), Nat. Acad. Sci., Washington, 


DCs, INOS Z) 4 


Gurr, C.G.@aTiJGeMarshallgeand.J.T:ihwtton, 1952. Water movement an Soil due to 
a temperature gradient. Soil Sci., 24:335-344. 


Harian, R.Geye1973.CaAndalysisvoficoupledsheat-fluidstransport in partially 
frozen soil. Water Resour. Res., 9'1314-1323. 


Hoekstra, Pieter, 1966. Moisture movement in soils under temperature gradients 
with the cold-side temperature below freezing. Water Resour. Res., 
23 242=— 250% 


Hoekstra, Pieter, 1969. The physics and chemistry of frozen soils. Hwy. Res. 
Roe Weebanoton,. .C. 7. Spec. Rot. 103s/8-90. 


a 


1 


cis Ba TA | , 


eR fi ; J wie , a,b ,eipktatda” | 
iba b ae | 4 < ecko es iW e7 a) “sect “2 @ ivv vende f uy 


PAT Tt SL [ie Teh & n iL ave? ph taf? Tah «tg ioe 1s haa 


a ; ¢ el Ti ' a a Tie) ie 
whe » Lidl ie i he 4 ant 5 IL a Kae Steen"! Lat 4 been | entre bné 
of is : t t 4 J . 
Yo Boalt rianw lo Vranas iT ev 1.4 jie 40M. eoeaeiel 
. O14 As a t é | Y, > s oO 3 faci rrTe ra 7, , "a How 7 
évf 
‘ ¥ bie tees OL «3 AMO 108d {) “0 ,coesebad 
i ‘J M4 ) ! 1: 9 f Pr ~ . *, 
i t Sort 


S2DG°V5iLS to- 7oO4 Nl eveur eel ,exteleah saved bee 0 ,reazebal 


Pia thee gets ~aiaywid- TCL .atecangyesel o5.4 foe . ee . here bal- 


‘ 
4407 ¥ fe! Ss) ae a vera 5 2700s fe aes i do 
Sepals cE — > he 
Wo 4h Peg lias is 4 Li pyh sia ae il ig, (ties « <5.) 
= Pi . ' - pth, 5 esa be a —— a 
< aa yt 
Wa & - ' 
i ; » P « 7 7 
=m 6 j z i Ditties mt sini oko 1.7) Se ¢ LA ,e°S¥A : 
h : wiltite eatin erode tom fee @fee DoftAley 5 OF 


Reo 2 ORR WER AR hadtom 21: tog tr peer vant -°) y.ieed A aeygeh 
eo i ; 


AL) ee AAT | if ae <a wml oe VY oe Eve Oia lreauele aig - ‘= 
hb Cree ee vas ASOT 5 oe 
an = Be eae Z oo 
SP GO uUIGata ty wed $0071 Tra {ye=5 mii “ Ay , ted Cié rt! ns 506 * 2 — 
-EVIi~SISG0E. , Oye im. 208 238 lee - 
A SE Otlamia at afore thaw LénmestT ,f£VLI VWistideamines ~Foh bite » «Wal ates "e 
apm ed a eT Sie: es = S 2 eet PiU PMOL eI cnalyeans, fd nal to WH betty 


Wigs DR SAGOW .. TIT Vowal . 2 BM IDES TES SOD eh et i : - _ 
a ia a 


/ 
of mub “Pada nt J qeHluyou Le sS8Ol yuna ibs ii edoret At yeas 


sae 


-]4- 


Hoekstra, Pieter, and W.T. Doyle, 1971. Dielectric relaxation of surface 
a0sorpead| Water, J. Colloids’ dnterfac. Sci., SO, SL oso en. 


Johnston, G.H., and R.J.E. Brown, 1964. Some observations on permafrost 
distribution at a lake in the MacKenzie Delta, N.W.T., Canada. Arctic, 
Li tLOgZ= 1 ioe 


Kemper, W.D., 1960. Water and ion movement in thin films as influenced by the 
electrostatic charge and diffuse layer of cations associated with 
Clay Migeral surfaces. Soil Sci. Soc, Am. Procd, 24:10-16. 


Kijne, J.W., and S.A. Taylor, 1964. The temperature dependence of soil water 
Vapolepeeccure. Soil Sci. Soc. Am. Proc, ; 28:595-599.. 


Kuzmak, J.M., and P.J. Sereda, 1957. The mechanism by which water moves through 
a porous material subjected to a temperature gradient: 2. Salt 
tracer and streaming potential to detect flow in the liquid phase. 
Soilssce. 7eie4 2419-422. 


Low, P.F., 1961. Physical chemistry of clay-water interaction. Advan. in 
AGVOM wo 209=3215 


Low, P.F., D.M. Anderson, and P. Hoekstra, 1968a. Some theoretical relation- 
ships for soils at or below the freezing point: 1. Freezing point 
depression and Neat capacity. Water,Resour. Res’., 4:3792394. 


Low, P.F., P. Hoekstra, and D.M. anderson, 1968b. Some thermodynamic rela~ 
tionships for soils at or below freezing point: 2. Effect of 
temperature and pressure on unfrozen soil water. Water Resour. Res., 
4:541-544., 


MacKay, J.R.,1967. Permafrost depths, Lower MacKenzie Valley, Northwest 
Herritoricos.,  Arcric,..20:2le26. 


Mie won, eeer.,) tL) 5s) tonse mobility in permafrost. Pree. Second Intern. 
Permafrost Cont. (oGth Amemnican COn emul ewom se miNca te eAcad ll oGuee, 


Washington, —DICt,; pp 352-359. 


Nersesova, Z.A., and N.A. Tsytovich, 1966. Unfrozen water in frozen soiis. FOC. HamgSt 
Intern. Permatrrost iConf., NRC=NAS, Washington, ~D.C., pp230-234. 


Norrish, K., and J.A. Rausell-Colom, 1962. Effect of freezing on the swelling 
of clay minerals. iClay Miner. Bull.~, .otU516. 


Scnovield, m.kh-; 1935. The pe of the water in soil.” Trans. Intern. Congr: 
Soil, Sci., 360 Congr.;, 2:3/=48. 


Williams, P.J., 1968. Properties and behavior of freezing soils. Nat. Res. 
Covi OL Canada, iv. Bldg. Res... Paper 359. 


- , , ’ _ 
pobi% if. noicsxetot cigtenfeta .17€L eigen .T.9 bas , seek? ove 
ei [e+ Ine a se] eHNiohls) \G .aotew bodbvoabs 7 
eS 
J=O SI RRS. ro Scola Vo See “O80 , awd 8.0.8 boas , 8.82  »rocaatok & 
i os .HGeN6O *7. TM etl bt eitine tea ony af steal & 9a holsavdizsekb z 
OC L-£aie88 
eetied 
' I ba coctre Witt were wi tesyvol woh. Sah aetew 0802 yw ome, 
fide W 4 ‘ nA Hien aa ; oz ti of eo apcrerlt a ee re 1919 
vu fy" 1 4< a ~ 0 t i= £ 2? : z ig "tape! kee aio 7 
iow Lianadg sanetinetah « i ent heCl “vroryet .4£.8 kee We entem 
O2~ 797 re. 4°" A Ter 32 bio} .@ovéearq vogRy 
} caver 4 doce nu tnataae cult ‘21 thoes’ .0.4 bie o JMG same 
DBP c ne * Tu qt So 69 te 36) One OG “ime ari 1g a 
| bine 4 ( wa L 793°) 5 on Liszt rps. ne f 124t Porly~ ‘ if ee Ty ad td 
SSNTES CG , toe ee 
JAG¥ é ; laagsTi Yarew-Velo jo vr*n ded Lr wit - ea iow ss swol _ 
VRC -@08:F | , . gueph 
7 
a ‘yf } Bao et 2RIa0H .T baw . Roe: A oh. 4.4 , wot 
143 ob BS ! ht 64% pM ESog BLS woleth., +6. 452 tot omnia p 
Ver —OVTE rat \ Al ey, yit Ib Pre Dae cro eral = 7 
site Sa Poors. sito? ees nesx . aM. bite ,cutrdootl 29 ate yell = 
et ; ‘ al * 4 ry ik ry ; yf pel y . [Pear : » 1 ote 2 y< 
haar” “rag wal wtaew ita mansed ari OO) OF EOE Oak Sy eek! - 
. ho? +fpeeb - 
>. 
Jaswartey gysllev otansioch’ 5 sed @ndqab 2vo thar -TYet! Je. , Seam 
Jar iss 1S. (abgous itt.di tee 
Finipt otpose eel es! ama oh | Veht hd Seno? . chat cas . ferns 
«ea iD. <ses : rea thee ee Rite ody Od moje Ag 10} aire ——- o- 
Ct@icti ae 00 cet 
Jepe't eri .mLiog regan) <i aeddw riers oe@! ocaxivatvel .4£.4. bie » «feu 
CREE CRESRI “« “QL SGeciemn OO | OMe SU Seas Pouseemeee 
Sar ihews offi no. ofiseay? da sneT ist «Set jaebtptCaesen Py ae A tue  s 
ahs ic wr, 2 Fries ye, spire sanin. ve te ‘9 


“i Pa rl 


ane 28% IRS eas” 


= 


- sn am 
Wy mae 
i oF 
war 
° 


ce dyw. orks “Le ba sel! 
sBD-VELs 


es sicthE 7 
iy a 


2 sham 
ia 


DEPRESSION °C 


FREEZING POINT 


STARIGNES 9 


eWwis 


he 


\ 


US WLO) Tose 


-10.0 | 


oo 


ear 5 
-ixl0 -~1x10° -1xlo" -1xi0° -Ixl0° 
SOIL-WATER POTENTIAL -cm of H,0 


Fig i Theoreiicai reiationship vetween soil-water potential and 
freezing point depression. 


ATMOSPHERIC 
PRESSURE 


— 
=a" 190 


<<< 


ATMOSPHERES 
PRESSURE 


WATER CONTENT, gm/gm of clay 


a in ee eee Bee A ee 
0.85 0.90 0.95 1.00 
RELATIVE HUMIDITY, p/p? 


Fig 2 The effect of external pressure on fhe 
adsorption water content-vapor pressure 


relationship for Na-bentonite (after 
Low ef al., 1965 b). 
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Fig 3 Generalized ground temperature profiles for the 
Alaskan Arctic Coast (replotted from Gold ond 
Lachenbruch, 1973). 
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Fig 4 Generalized ground temperature profiles for the 
Lower Mackenzie Valley and Mackenzie Deita Regions 
NWT. Creplotted from Johnston and Brown (i964) 
and Mackay (1967)]. 
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